this method is on the order of 1 nW/K. The presence temperature fluctuations in the sample chamber, background thermal conductance through the device, residual gases, and radiation are significant sources of error when the sample thermal conductance is comparable or smaller than the background thermal conductance, on the order of 300 pW/K at room temperature.
In this thesis, a high resolution and high throughput thermal conductance measurement scheme is presented in which a bipolar direct current reversal technique is adopted to replace the lock-in technique. This scheme benefits from a bipolar direct current (DC) reversal measurement which is a well-established technique to remove offset and low frequency noises during measurement, and involves less instrumentation and simple data analysis. This modern DC reversal technique exhibits less than one half the amount of white noise and an order of magnitude lower 1/f noise than the most commonly used lock-in amplifiers. Over a temperature range of 30- 375 K, we demonstrate a temperature resolution of 0.97-2.62 mK and a thermal conductance resolution of 2-26 pW/K. The background conductance of the suspended microdevice is determined accurately by this method and allows for straightforward isolation of this source of error. This simple and high-throughput measurement technique will allow for more accurate and effective investigation of fundamental phonon transport mechanisms in individual nanomaterials. Chapter 1 -Introduction
Background
Low dimensional materials such as carbon nanotubes [1] [2] [3] [4] [5] [6] , inorganic nanowires [7] [8] [9] [10] [11] [12] , organic nanofibers [13] [14] [15] , superlattices 16, 17 , and two dimensional materials [18] [19] [20] [21] [22] [23] [24] have been the focus of significant research interest over the past two decades due to their unique thermal transport properties which can be significantly different than in their bulk form. In addition to establishing fundamental structure-property relationships in these materials, these investigations have also enabled novel thermal device applications [25] [26] [27] [28] [29] . Hence, further development of new experimental techniques for characterization of thermal transport in nanostructures remains an important area as advancement continues in the prediction, design, and synthesis of new materials.
Suspended micro-thermometry measurement
Several thermal measurement techniques have been developed for probing in-plane thermal transport properties in low dimensional materials, the most prominent of which are the suspended micro-thermometry 2-4, 11, 19 , Raman thermometry 5, 18, 30 , bi-material atomic force microscopy (AFM) cantilever thermometry 13 , and steady-state Joule heating 4, 31-33 methods. Of these, the suspended micro-thermometry technique is the most common method to measure inplane thermal conductance in individual nanostructures as phonons are fully thermalized, in contrast to optothermal techniques 34, 35 . Platinum resistance thermometers (PRTs) are used to measure the temperature and heat flow on the suspended microdevice as platinum's electrical Eliminates error contributed from background thermal conductance, parasitic heat loss from the supporting beams, and device asymmetry. However, method involves laborious data analysis and multiple measurement schemes. indicates an oscillating temperature rise with a frequency 2f induced by an AC current at f. c) Unmodulated indicates detection of resistance by applying a DC current, modulated indicates detection using an AC current with a frequency f.
Lock-in, Differential
resistance has a nearly-linear relationship with temperature and large temperature coefficient of resistance (TCR) over a wide range of temperatures. Based upon the original reports 2, 3 , several different electrical resistance measurement techniques have been developed to achieve higher temperature and thermal conductance resolution in the suspended micro-thermometry method 36, 38, 39 . A summary of these techniques is shown in Table 1 .1 and Figure 1 .1.
In a pioneering work published a decade ago, Philip Kim et al. 2 developed a suspended micro-thermometry device and used it to probe the in-plane thermal conductance of a multiwalled carbon nanotube, where the suspended microdevice containing two built-in platinum resistors was used to measure the temperature and heat flow across the sample. In this and other previous lock-in-based measurement schemes, the thermal conductance resolution was reported on the order of 1 nW/K. The presence of temperature fluctuations in the sample chamber and background thermal conductance through the device, residual gases, and radiation are dominant sources of errors when the sample thermal conductance is comparable to or smaller than the background thermal conductance, on the order of 300 pW/K at room temperature.
Sadat el al. 37, 39 have analyzed the temperature resolution of this technique in four different scenarios and demonstrated a temperature resolution of ~20 µK at 280K by measuring modulated temperature changes on the PRT's resistance with an unmodulated sensing current and a matching PRT which has nearly the same resistance and temperature drift as the sensing PRT. In particular, detecting an unmodulated temperature change requires instrumentation with large dynamic range to eliminate the ambient temperature drift at the same time. First, a large sensing current and PRT with a large electrical resistance was used to improve signal-to-noise ratio but it should be noted that these approaches are limited by the microdevice fabrication and self-heating issues. Previous improvements on the micro-thermometry technique have resulted in two major contributions. First, the voltage noise and ambient temperature drift that arises from an unmodulated temperature signal can be eliminated using a high frequency detecting current with
a lock-in amplifier and a differential scheme 36, 39 , but a complicated setup and data analysis is involved to achieve this high temperature and thermal conductance resolution. Second, a temperature signal modulated at specific frequency with an unmodulated sensing current can further improve temperature resolution 37, 38 , however, the attenuation of modulated temperature due to the large thermal time constant of the suspended microdevice becomes an issue during the thermal conductance measurement.
Motivation and scope of the study
In this work, I have developed a high throughput suspended micro-thermometry measurement scheme involving less instrumentation and simple data analysis. Specifically, we have introduced a bipolar DC reversal measurement which is a well-established alternative technique to remove offset and low frequency noises during measurement. This modern DC reversal technique exhibits less than one half the amount of white noise and an order of magnitude lower 1/f noise than the most commonly used lock-in amplifiers 40 . The heating PRT was electrically heated by an unmodulated current provided by a Keithely 6517B
electrometer in series with a 10 MΩ high precision resistor (Caddock USF370-10.0M-0.01%-5ppm). The DC current passing through the device was directly measured by the low-impedance 
input of the Keithley 6517B. During the measurement, a certain amount of this heat is transferred to the adjacent sensing membrane and PRT through parallel mechanisms: (i) through the nanostructure, (ii) through the thermal sink (the silicon substrate), and (iii) through radiation and residual gas conduction. Mechanisms (ii) and (iii) are denoted background thermal conductance,
Gbg. The uncertainty arising from the thermal radiation contributes less than 2% to the thermal conductance of the beam and sample over 30 to 400 K 42 . At 10 -8 mbar and 300 K, thermal conductivity of air is on the order of 10 -7 W/(m⋅K), as shown in Figure 2 .2 and yields thermal conductance of less than 5 pW/K which accounts for 1.5 % of the total Gbg.
Data processing
A schematic of the measurement is shown in Figure 2 
The temperature of the heating membrane and sensing membrane, Th and Ts respectively, 
. Electrical resistance, R, and temperature coefficient of resistance (TCR), α, of the heating and sensing PRTs as a function of temperature recorded at the sample mount, T0. (a) Measured heating and sensing PRT electrical resistances, Rh and Rs respectively, over a temperature range from 4 to 375 K and (b) the corresponding TCR of heating and sensing PRTs, αh and αs respectively. The TCR at each temperature point is calculated over 15 measured resistance points which corresponds to a local temperature range of approxiately T0 ± 3 K.
corresponding TCR of each PRT at each ambient temperature point T0 is used to calculate the temperature change caused by the DC joule heating. The TCRs at each T0 are determined over a T0 ± 3 K temperature range to define a local α for use in Eqs. 3-4. Consequently, the resulting temperature rise on the sensing membrane ∆Ts is a function of the Idc applied on the heating PRT and can be determined as
Measurement of the temperature rise on the heating membrane is complicated by the copling between AC and DC currents. An AC current iac with a frequency fh is coupled to the much larger DC heating current during the electrical resistance measurement and this AC current will generate modulated heating at frequency 2fh at when fh is low. Shi et al. 3 have experimentally demonstrated a factor of 3 difference between the low frequency and high frequency limits of an 
To investigate the waveform-dependence of the frequency-dependent resistance rise, I have measured the ∆Rh(fh) by a lock-in technique using a 1 µA peak-to-peak excitation current in the frequency range from 0.8 to 5864 Hz for square, sine, and triangle waveforms while DC heating is applied (Figure 2 .5). The factor ζ does not show a significant change with different types of AC waveform, where the normalized resistance change due to DC heating ∆Rh(fh)/∆Rh(fh=1 Hz) corresponds to ζ /3. Furthermore, the cut-off frequency between the low and high frequency regimes increases with temperature since τ decreases with decreasing temperature. As shown in Figure 2 .6, I observed a higher cutoff frequency at 4 K than 375 K as τ is smaller at 4 K than at 375 K. Resistance-based thermometry is based on temperature-dependent electrical resistance, so that the measured resistance can be correlated with the temperature of the object to which the PRT is attached. On the sensing membrane, where only an AC signal is used in the resistance measurement, Eq. 3 can be used to convert the measured resistance change to temperature change.
Figure 2.5. Normalized first harmonic component of the measured resistance rise of the heating PRT as a function of the frequency of AC current coupled to the DC heating current for different AC waveforms at 290 K. The value of ζ in Eq.4 can be determined by the following relationship, ζ = 3∆Rh(fh)/∆Rh(fh=1 Hz). Note, the DC heating current here was provided by a Keithley 6221. Figure 2.6. Normalized first harmonic component of the measured resistance rise of the heating PRT as a function of the frequency of AC current coupled to the DC heating with a lock-in technique, measured using a Keithley 6221 DC current source and a Keithley 6517B electrometer with a 10 MΩ precision resistor at 290 K. The value of ζ in Eq. 4 can be determined by the following relationship, ζ = 3∆Rh(fh)/∆Rh(fh=1 Hz
Thus, the noise equivalent temperature of the sensing PRT (NETs) is calculated based on Eq. 3 and the lowest total voltage noise in the electrical resistance measurement ∆Vnoise as ( )
Improving NETs can be achieved by employing a larger resistance PRT and larger sensing current. However, self-heating and the device stability are both detrimental to the measurement when the sensing current is too high (Figure 3.1) . Thus, lowering ∆Vnoise is a more appropriate strategy to enhance the temperature resolution of suspended micro-thermometry technique.
Contributions to the voltage noises are categorized as intrinsic noises (Johnson and shot noises)
and non-intrinsic noises (1/f noise, temperature drift, etc.). In this experiment, the total noise in the voltage signal can be estimated from 2 drift e temperatur 2 electrical 2 noise indicating a negligible self-heating effect on the suspended membrane. In contrast, the standard derivation of measured resistance dramatically decreases with increasing iac. In other words, the noises contributed from the electrical measurement can be minimized by applying a higher AC current, but this will also induce non-negligible self-heating. I calculated the temperature rise with 1.5 µA AC current is ~70 mK. Nevertheless, the rise of resistance due to AC current heating is a constant offset which will cancel out during the calculation of ∆Ri ( have a CMRR of 100 dB (Vsignal ± Vnoise/10 5 ). In other words, the instrumentation used in the DC reversal technique has a much better capability to reject non-intrinsic noises. In addition, the programmable current source used in this technique has an input impedance of >10 14 Ω which is able to provide a stable and load-independent current through the PRTs (δiac/iac ~ 10 -7 ), effectively eliminating shot noise. Therefore, the Johnson noise is the only contribution to electrical noise and is expressed as ( )
and temperature drift ∆Vtemperature drift are the major contributions to the ∆Vnoise in the DC reversal measurement scheme used here. The noise equivalent bandwidth ∆f is ~1 Hz for the DC reversal system. The NETJohnson at each ambient temperature point is calculated based on Eqs. 5 and 7. The
NETtemperature drift represents the stability of the cryostat sample mount temperature and is directly obtained as the standard deviation of recorded sample mount temperatures during measurement.
A summary of the temperature dependent contributions to NET is shown in Figure 3 .4.
As I have obtained the NETs of the DC reversal technique, the noise equivalent conductance (NEG) of the suspended microdevice, which is the minimum thermal conductance that can be detected by the suspended device, can be expressed using Eqs. 2 and 5 as
where Gb is the measured thermal conductance of the six beams supporting each membrane. The
NETs and NEG are calculated from the above analysis and shown in Table 3 .1 for different sample mount temperatures. measured ∆Ts(Qh) at each heating power were considered as one statistical population (one set is defined as Idc = 0 to -Idc,max to +Idc,max to 0), the error bars in Figure 3 .5 are defined to have a magnitude of one standard deviation of this population. As we used the same instruments throughout the whole experiment, the overall (pooled) standard derivation of the all the measured temperature rises was calculated as:
where σi and ni are the sample standard derivation and sample size of the measured temperature rise at each heating power. The DC reversal method exhibits sensing temperature resolution, defined here as σtemp, of 2.62 mK, 1.60 mK, 0.96 mK, and 1.12 mK at ambient sample temperatures of T0 = 375 K, 290 K, 75 K, and 30 K respectively. This is slightly higher than the NETs given in Table 3 .1 and Figure 3 .4. Thus, the temperature resolution is limited by the DC reversal measurement instrumentation which has a voltage resolution of ~ 4.2 -5 nV. This yields NETinstrumentation limit = 0.65 -0.74 mK. In other words, 0.65 -0.74 mK is the smallest temperature which the unmodified system can measure regardless of the NETs. Impressively, the temperature resolution of this technique is able to achieve 1 mK without using complicating schemes such as a matching resistance or Wheatstone bridge to cancel the temperature drift. This prevents the need for complicated calibration processes, multiple measurement schemes, and laborious data analysis and enables high-throughput measurement of the thermal conductance of individual nanostructures. 
Thermal conductance resolution
The resolution of thermal conductance is also substantially improved in this work. without a significant heating on the heating membrane. The DC reversal technique has a significant improvement on measuring thermal conductance over the lock-in technique (Figure 3.8) .
Additionally, in comparison with Gb measured by the DC reversal technique, where ζ = 3 in Eq. 4, the Gb measured at 290 K by the lock-in method is ~5% lower (Figure 3.7) . This is a significant unreported uncertainty of the lock-in technique, where at high frequencies ζ ≠ 1 (see 
Chapter 4 -Conclusion
In summary, we have developed a new resistance thermometry measurement scheme benefitting from improved common mode noise rejection over traditional lock-in amplifier-based techniques. This DC reversal technique offers a high throughput and simple measurement scheme with ~1.6 mK temperature resolution and ~14 pW/K thermal conductance resolution at 290 K.
Additionally, the DC reversal technique removes offset and low frequency noises and exhibits less than one half the amount of white noise and an order of magnitude lower 1/f noise than commonly used lock-in amplifiers. Given these results, the DC reversal technique combined with suspended micro-thermometry will enable fundamental studies of phonon transport at the molecular scale where both high throughput and high resolution are required.
